Spontaneous changes in ventricular automaticity were determined from changes in idioventricular rate in eight dogs with heart block. The mediating effects of imposed rate were assessed in terms of (1) changes in post-pacing depression after ventricular pacing in 14 dogs and (2) changes in vagally induced ventricular escape time after atrial pacing in five dogs with intact AV conduction. Spontaneous ventricular automaticity decreased throughout the major portion of digitalization. The transition to a ventricular tachycardia was late and abrupt. Transient increases in rate transiently enhanced ventricular automaticity throughout digitalization. In animals with heart block, this was recognized at 38 ± 3% (SE) of the toxic dose of ouabain as blunting of postpacing depression, i.e., a significant decrease in the depression of the first postpacing beat. Blunting was progressive and was replaced at 72 ± 3% of the toxic dose by post-pacing acceleration, i.e., the cycle length of the first post-pacing beat became shorter than the average pre-pacing cycle length. In vagal stimulation experiments ventricular escape time decreased earlier during atrial pacing at 180-190 beats/min (74 ± 3% of the toxic dose) than during atrial pacing at 140-150 beats/min (92 ±3%). Early ventricular escape was not seen after pacing at 100 beats/min. These findings indicate that heart rate is a critical determinant of early increases in ventricular automaticity during digitalization.
induced atrial arrest or AV block or both may be followed by early ventricular escape beats or an increase in ventricular escape rate or both.
The effect of heart rate on ventricular automaticity during digitalization is not known. When rate increases in the absence of digitalis, ventricular escape time during vagal stimulation is prolonged and ventricular escape rate is decreased (4) . In view of recent work from our laboratories, there is reason to believe that this sequence may be reversed during digitalization (5) . Rapid rate was found to accelerate latent ventricular pacemakers consistently during ouabain infusion. The degree of acceleration increased with driving rate in a linear fashion, and a transient 168 WITTENBERG, GANDEL, HOGAN, KREUZER, KLOCKE period of imposed drive sometimes precipitated persistent ventricular tachycardia.
If rapid rate can increase automaticity during digitalis administration, the relatively rapid driving rate of the sinus node could be an important determinant of the increased ventricular automaticity detected during vagal stimulation. The fact that early increases in automaticity have not been seen in animals with heart block is consistent with this idea (6, 7) . The following experiments were designed to clarify the role of heart rate in the enhancement of ventricular automaticity during digitalization. Changes in spontaneous automaticity were separated from changes due to transient rapid drive by studying animals with heart block with and without ventricular pacing. In addition, effects of vagal stimulation were evaluated at different atrial rates in animals with intact AV conduction. The findings support the view that heart rate is a critical determinant of early increases in ventricular automaticity during digitalization.
Methods

ANESTHETIZED DOGS WITH HEART BLOCK
In 16 animals complete AV block was produced either by injection of 40% formaldehyde into the region of the His bundle (8) or by His bundle ligation during atriotomy (9*). A bipolar electrode was sutured to the wall of the right ventricle just below the AV groove for ventricular pacing. Pacing was accomplished with a 2-ma square wave of approximately 2-msec duration. Ouabain was given as an intravenous infusion at the rate of 4 ^/.g/kg min-1 . Two types of experiments were performed. The first type (5 animals) was intended to assess spontaneous ventricular automaticity during digitalization. Idioventricular rate (automaticity) was simply recorded during ouabain administration. The experiment was concluded when a persistent ventricular rhythm of more than twice control rate developed. The second type of experiment (11 animals) was intended to assess the mediating effects of transient rapid drive. Spontaneous ventricular rhythm was interrupted for 15 seconds out of each minute by ventricular pacing •These authors describe ligation high in the interventricular septum. In the present experiments, the ligature was placed in the area of the His bundle in the interatrial septum.
at the rate of 180 beats/min. Idioventricular rate was recorded before and after each period of imposed drive. Percent depression was calculated by dividing the difference between the first postpacing cycle length and the average (4-5 beats) pre-pacing cycle length by the average pre-pacing cycle length and multiplying by 100. The experiment was again terminated when a persistent ventricular rhythm of more than twice control rate appeared.
CONSCIOUS DOGS WITH HEART BLOCK
Three conscious animals served as their own controls with and without pacing. Three to 10 days prior to the initial experiment, the bundle of His was ligated and bipolar electrodes were sutured to the right ventricle for pacing. Additional electrodes were placed subcutaneously on either side of the chest to record a standard electrocardiographic lead. A cannula was inserted through the azygos vein into the right atrium for drug infusion and the various insulated wires and venous cannula were brought out through the back of the neck. Two ouabain infusions (4 /ig/kg min-1 ), separated by a 3-to 7-day recovery period, were performed on each animal. One involved intermittent recording of spontaneous rate. The other involved pacing in a slightly different way than that employed in the anesthetized animals. Post-pacing depression tended to be longer in the conscious animals, and the animals became uncomfortable after 10-15 seconds of asystole. Pacing was therefore carried out at a lower rate (140 beats/min) and was continuous except for a 10-15-second interruption to assess post-pacing depression.
VAGAL STIMULATION EXPERIMENTS
In five anesthetized animals, AV conduction was left intact. Bipolar stimulating and recording electrodes were sutured to the right atrial appendage at the time of thoracotomy. In addition, a stainless steel cooling plaque (10) was sutured over the area of the sinus node so that atrial pacing could be achieved at relatively low rates. Both vagus nerves were isolated in the neck and crushed, and bipolar electrodes were attached distal to the crushed site to allow cardiac stimulation. The latter was performed with square-wave impulses of 10-30 v, 2.5-msec duration and frequencies of 10-30 cycles/sec. Both nerves were stimulated simultaneously to achieve atrial asystole or AV block or both. Ouabain was infused at a rate of 2 )Hg/kg min-1 . In three animals, atrial pacing at 140 or 150 beats/min was alternated at 1-minute intervals with atrial pacing at 180 or 190 beats/min. In two animals, rates of 100, 140, and 180 beats/min were employed sequentially for 1minute. In all animals, pacing was interrupted
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FIGURE 1
Effect of ouabain infusion on spontaneous ventricular rate in anesthetized dogs with heart block. The animal depicted by open circles is the one whose records are illustrated in figure 2 .
and vagal stimulation initiated for the last 15 seconds of each minute to assess ventricular escape time.
Results
ANESTHETIZED DOGS WITH HEART BLOCK AND WITHOUT PACING
The results of these experiments are summarized in Figure 1 . Idioventricular rate initially slowed in four of five animals and remained constant in the fifth. Mean rate for the group decreased from 39 ± 4 ( SE ) to 33 ± 4 beats/min over an average of 23 ± 2 minutes. The transition from slowing to acceleration took place for 30 seconds to 7 minutes. However, the major part of the increase to twice control rate occurred during a phase of very rapid acceleration (less than 1 minute in four of five animals). This is illustrated in Figure 2 .
ANESTHETIZED DOGS WITH HEART BLOCK AND PACING
Prolonged control observations were made on five anesthetized dogs with heart block. Intermittent pacing at 180 beats/min was carried out for 15-20 minutes during infusion with normal saline. There was no measurable change in spontaneous idioventricular rate or in the magnitude of post-pacing depression. Control measurements for 5-10 minutes in the remaining six animals were similarly constant.
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In contrast, all animals showed a progressive decrease in post-pacing depression during ouabain administration. There were two distinct phases of this decrease: (1) An initial phase in which the first post-pacing beat was still depressed, i.e., had a cycle length longer 
26-26^ MIN
FIGURE 2
Oscillographic records from animal in Figure 1 (open circles). The upper tracing in each panel is a cardiotachometer recording and the lower tracing a lead II surface electrocardiogram. In this experiment, the control rate was 36 beats/min and decreased progressively to a low of 30 beats/min at 26 minutes. Between 26 and 26.5 minutes, spontaneous rapid acceleration from 30 to 64 beats/min occurred. than the average pre-pacing cycle length, but the degree of depression was significantly less than before ouabain administration. This phase was termed "blunting" of post-pacing depression and was progressive until the onset of phase 2. (2) A second phase in which depression was reversed, i.e., in which the first post-pacing beat had a cycle length shorter than the average pre-pacing cycle length. This was termed "post-pacing acceleration." It was usually heralded by a beat with a markedly shorter cycle length and a different morphology. In the ensuing trials, the cycle length of this beat continued to decrease. Subsequently, multiple beats appeared and finally progressed to ventricular tachycardia. Spontaneous idioventricular (pre-pacing) rate was measured concomitantly in 9 of the 11 animals. It slowed in 6 animals, did not change in 2 and increased slightly in 1. Representative records from an experiment in which spontaneous ventricular rate slowed and from one in which it remained constant are illustrated in Figures 3-6 .
The recordings in Figure 3 are from an animal whose spontaneous ventricular rate slowed progressively from a cycle length of 1500 msec during the control period to a low of 2300 msec at 24 minutes. Meanwhile, the cycle length of the first post-pacing beat did not change significantly for the first 16 minutes. Subsequently, it decreased progressively until the onset of ventricular tachycardia at 27 minutes. Figure 4 illustrates this experiment in graphic form. Blunting is defined as a depression 2 SD less than control that decreases progressively. It occurs at 11 minutes. Acceleration is defined as a reversal of post-pacing depression and is seen at 19 minutes. In the experiment shown in Figure 5 , spontaneous ventricular rate remained constant. However, the first post-pacing cycle length decreased significantly by 6 minutes and continued to decrease progressively until the onset of ventricular tachycardia at 17 minutes. Figure 6 shows this experiment graphically in a plot similar to that in Figure 4 .
These two experiments illustrate opposite extremes with regard to the manner in which Effect of ouabain infusion on the percent depression of the first post-pacing beat in the same animal as Figure 3 . Arrangement is similar to that in Figure 3 . See text for details.
dose of ouabain and acceleration at 72% of the toxic dose.
CONSCIOUS DOGS WITH HEART BLOCK
Three conscious animals served as their own controls for experiments with and without pacing. When pacing was not used during digitalization, the results were similar to those of the anesthetized group. In two animals, idioventricular rate slowed and in one it remained constant until the onset of ventricular tachycardia. As in the anesthetized animals, the major increase in rate occurred during a phase of very rapid acceleration, i.e., less than 1 minute. Since the animals were paced for 45 rather than 15 seconds of each minute, the presence of blunting could not be evaluated. However, post-pacing acceleration could be determined and was seen at an average of 75 ± 5% of the dose of ouabain required to produce ventricular tachycardia. This value was not significantly different from that in the anesthetized group. Records illustrating a response with and without pacing in a single animal are shown in Figure 7 .
VAGAL STIMULATION EXPERIMENTS
In the vagal stimulation experiments, blunting of post-pacing depression could not be evaluated because pacing was from the atrium except during the period of vagal stimulation.
blunting of post-pacing depression occurs. In the experiment shown in Figures 3 and 4 , blunting is produced by slowing of the spontaneous ventricular rate without a concomitant increase in the cycle length of the first post-pacing beat. In contrast in the experiment shown in Figures 5 and 6 , blunting is caused by a progressive decrease in the cycle length of the first post-pacing beat without a concomitant change in spontaneous ventricular rate. In the entire group, blunting was produced by various combinations of slowing in idioventricular rate and acceleration of the first post-pacing beat. However, the pattern in terms of percent depression was always similar to that seen in Figures 4 and 6 Graph of percent depression for same animal as Figure 5 . Arrangement is similar to that in Figure 4 . The second point helow the cross-hatched area is taken as the onset of blunting since this is the point at which the decrease in depression began to be progressive. See text for details. 'Two animals, rather than remaining in idioventricular rhythm, were paced at a rate of 100 beats/min. At 1-minute intervals, the pacing rate was increased to 180 beats/min for 15 seconds. Pacing was then discontinued for 10-15 seconds to observe the post-pacing response. Neither a minimum rate nor a time for blunting could therefore be determined. 
I SEC
However, an abrupt shortening of the escape time, similar to that seen at the onset of postpacing ventricular acceleration was evident in all animals. Representative experiments are shown in Figures 8 and 9 . In Figure 8 , ventricular escape time during vagal stimulation is shortened abruptly at 25 minutes after pacing at 190 beats/min. Subsequent records show progressive shortening until the onset of a spontaneous and persistent ventricular tachycardia at 34 minutes. A similar shortening of post-pacing depression was not seen after pacing at 150 beats/min. Recordings in Figure 9 are from an animal paced at three different rates. At a rate of 180, ventricular escape time shortened at 29 minutes, and once again the shortening was progressive. Meanwhile, the first detectable shortening at a rate of 140 occurred at 34 minutes and with a cycle length which was longer than that seen earlier following more rapid pacing. Shortening of ventricular escape time was not seen at a pacing rate of 100 beats/min. In all five animals, shortening of ventricular escape time appeared at 74 ± 3% of the toxic dose at a pacing rate of ISO to 190, and at 92 ± 3% at a pacing rate of 140 to 150 (paired t-test, P < 0.01). Early escape was not seen at 100 beats/min. Effect of ouabain infusion on post-pacing depression and on spontaneous ventricular rate in an awake dog. The experiment in the first four panels shows ventricular pacing at 140 beats/min followed by interruption of pacing for 10-11 seconds. For the first 10 minutes, pacing is followed by 10 seconds of asystole. At 11 minutes of ouabain infusion an early escape beat occurs. Subsequent escape beats are progressively earlier until the onset of a persistent rapid ventricular rhythm at 15 minutes. Arrows mark early ventricular escape beats. The lower panel is from an experiment in the same animal 1 week later in which the animal was digitalized without pacing. The animal's control rate was 55 beats/min and this remained essentially unchanged until 22 minutes when the rate increased from 59 beats/min to 150 beats/ min within 10 seconds.
Discussion
In recent years, appreciable evidence has accumulated to indicate that imposed drive exerts an inhibitory effect on the intrinsic level of discharge of a pacemaker. In 1965, Lange (11) inhibition was shown to be related directly to the antecedent drive rate. Thus, under normal circumstances atrial rate may be presumed to exert a continuous inhibitory effect on the automaticity of potential ventricular pacemakers.
Moe and Mendez suggested that the automaticity of ventricular pacemakers plays an important role in the development of ventricular arrhythmias during digitalization (1) . Changes in automaticity have been demonstrated both in isolated cardiac cells and in intact animals. Vassalle et al. have shown a decrease in maximum diastolic potential and an increase in the rate of diastolic depolarization in isolated cardiac Purkinje fibers during ouabain perfusion (12) . In addition, Rothberger and Winterberg (2) and Vassalle et al. (3) have shown a progressive decrease in ventricular escape time and an increase in ventricular escape rate prior to the onset of digitalis-induced ventricular tachycardia in intact animals.
Neither the effects of rapid drive on the parameters of automaticity in vitro nor the effects of rapid rate on the automaticity of ventricular pacemakers in vivo has been studied systematically during digitalization. A recent report from our laboratory has suggested that the normal inhibitory effect of the sinus rate on ventricular automaticity is modified as toxicity is approached (5) . Thus, short periods of atrial pacing were found to accelerate rather than depress the rate of latent ventricular pacemakers. Rapid drive increased the rate of these pacemakers above the level exposed by vagal stimulation, and the degree of increase was directly related to the increment in atrial rate. These studies suggested the possibility that the relatively rapid driving rate of the sinus node may be an important determinant of the increased ventricular automaticity described previously using vagal stimulation.
The present studies were designed to clarify the relative roles of spontaneous ventricular automaticity and changes in automaticity induced by rapid drive in the development of ventricular arrhythmias during digitalization. Effect of atrial rate on vagal escape time during ouabain infusion. Arrangement similar to that in Figure 8 .
As illustrated in Figures 1 and 2 , spontaneous ventricular automaticity actually decreased in animals with heart block until the late and abrupt onset of ventricular tachycardia. This sequence was similar to that reported previously by Greenspan et al. (6) and recently confirmed by Scherlag et al. (7) . However, as shown in Figures 3-7 , transient increases in automaticity could be induced by adding a period of transient rapid drive. These increases were initially apparent as blunting of post-pacing depression at 38 ± 3% of the toxic dose of ouabain and progressed to post-pacing acceleration at 72 ± 3% of the toxic dose. It is of interest that in two previous studies (3, 7) sinus rate was noted to rise prior to the development of overt ventricular arrhythmias. The progressive diminution in post-pacing depression in our studies in many ways resembled the sequence of progressively earlier escape times described by previous investigators during vagal inhibition of atrial activity (2, 3) . Figures 8 and 9 illustrate additional experiments of our own utilizing vagal inhibition following atrial pacing at different rates. They indicate that vagally induced ventricular escape rhythms are indeed rate-dependent. We therefore conclude:
1. Spontaneous ventricular automaticity does not increase during digitalization until immediately prior to the onset of a rapid ventricular tachycardia.
2. As digitalization proceeds, the normally inhibiting effect of atrial rate on ventricular pacemakers is initially reduced and ultimately reversed. When toxicity is approached, the relationship between drive rate and ventricular automaticity becomes directionally opposite to that seen under normal conditions.
3. The progressive decrease in ventricular escape time described by previous investigators during vagal inhibition of atrial activity appears to depend critically on the relatively rapid driving rate of the sinus node.
These findings are of importance in attempting to define mechanisms of arrhythmia production during digitalis administration. In their comprehensive description of ouabaininduced arrhythmias in 1963, Vassalle et al.
(3) divided early ventricular arrhythmias into two types: (1) those manifested as progressively earlier vagal escape rhythms and ascribed to increases in ventricular automaticity and (2) those presenting as extrasystoles and thought to be due to reentrant activity.
The blunting of post-pacing depression described in this report is the counterpart of early vagal escape rhythms and most likely represents a rate-dependent increase in ventricular automaticity. Two facts also favor automaticity as having a role in post-pacing ventricular acceleration: (1) the QRS morphology during post-pacing acceleration was often identical to that of a subsequent ventricular tachycardia, and (2) post-pacing arrhythmias showed a decelerating pattern.
The rate dependence of vagal escape rhythms may also have some bearing on the interpretation of the second type of digitalisinduced ventricular arrhythmia, i.e., sinus coupled extrasystoles. Vagal escape rhythms and coupled extrasystoles were considered by Vassalle et al. (3) to be distinctly separate since they appeared to arise under different conditions. Early ventricular escape followed periods of asystole and was thought to be independent of heart rate. In contrast, extrasystoles were noted to be dependent on the presence of an initiating beat and also on heart rate. Decreases in heart rate caused the extrasystoles to become less frequent, whereas increases in rate were followed by increased numbers of extra beats. The differential response to heart rate was believed to exclude a single mechanism for both prototype arrhythmias. The present demonstration that increases in ventricular automaticity are rate dependent, in a fashion directionally similar to extrasystoles, suggests that enhanced automaticity, operating either alone or through secondary conduction disturbances (13), cannot be excluded as an explanation for some of the extrasystoles.
An electrophysiological mechanism by which rate mediates increases in automaticity is presently under study in our laboratories. Rapid drive is known to depress the automaticity of isolated cardiac Purkinje cells under control conditions (14, 15) . This depression results primarily from a decrease in slow diastolic depolarization, although increases in maximum diastolic potential and decreases in threshold potential may play a role (16, 17) . Our preliminary observations suggest that the Circulation Research, Vol. XXX, February 1972 effects of rate are reversed during perfusion with ouabain. A sequence similar to that described for intact animals, i.e., blunting of post-pacing depression followed by post-pacing acceleration, has been seen in isolated canine Purkinje fibers. During the period of rapid drive the rate of slow diastolic depolarization increases and maximum diastolic potential decreases (18, 19) . This rate-dependent enhancement of the parameters of automaticity may underlie the responses described in the intact animal.
The experiments reported here may also help to clarify several previous observations on the relationship between heart rate and digitalis-induced arrhythmias. It has been shown that the total time necessary for digitalis intoxication is inversely proportional to the heart rate during drug administration (12, 20) . In addition, transient increases in rate have been observed to facilitate transient toxic manifestations (5, 21) . In none of these studies was a mechanism elucidated for either the rate-dependent abbreviation of total time to toxicity or the rate-dependent facilitation of transient toxic manifestations. The demonstration that early increases in ventricular automaticity during digitalization are rate dependent suggests that increases in automaticity may themselves be the primary mechanism, operating either alone or by inducing conduction disturbances (13) .
